Study design Cross-sectional study. Background Sleep disturbances are frequently reported by individuals with spinal cord injury (SCI) and are associated both with poor quality of life and reduced ability to participate in rehabilitation and daily life activities. Objectives This study investigated sleep quality based on self-reports and actigraphy in individuals with SCI as compared to able-bodied. We also explored the relationship between sleep quality, physical activity, and neuropathic pain. Setting Institute Guttmann, Neurorehabilitation Hospital, Badalona, Barcelona, Spain. Methods Fourteen SCI patients (12 males, 43.10 ± 10.59 y.o.) and 10 healthy individuals (7 males, mean age 46.21 ± 12.58 y.o.) were enrolled in the study. Participants wore wrist actigraphs for 7 consecutive days to characterize their sleep-wake cycle, rest-activity circadian rhythm and physical activity. Sleep quality, chronotype, daytime sleepiness, neuropathic pain severity and interference were assessed based on questionnaires. Results SCI individuals reported poorer sleep quality compared to healthy individuals. Actigraphy-based sleep measurements revealed that patients woke up later, spent more time in bed and slept longer compared to the healthy controls but did not differ significantly in the estimated sleep efficacy and number of awakenings from the able-bodied controls. In individuals with SCI greater physical activity predicted higher sleep efficacy and less awakening episodes as well as shorter sleep latency and lower sleep disturbance. Conclusions The actigraphy-based sleep estimates indicate that patients with SCI spent more time in bed and slept longer but their sleep efficacy was similar to able-bodied controls. Maintaining regular physical activity could improve pain control and sleep quality.
Introduction
Sleep is an essential physiological need that has a critical role for general health. Sleep disturbances are more frequently reported among individuals with spinal cord injury (SCI) compared to healthy individuals, and are associated with negative health outcomes, poor quality of life [1] [2] [3] [4] .
Most studies in SCI patients have focused on sleeprelated breathing disorders that are critical in individuals with tetraplegia, although alterations in circadian rhythm have also been described [5] . Self-reported measures and sleep diaries are widely used to identify general sleep patterns and sleep efficiency. However, they are not reliable instruments because they are subject to recall biases [6] . Laboratory-based polysomnography (PSG) has long been considered the gold standard to measure sleep objectively, but is unfeasible for long-term and home utilization [7] . Actigraphic monitors, which incorporate a small accelerometer that detects body movements, are an alternative to PSG to estimate sleep-wake cycle. Some available actigraphs also record different type of light sources and body temperature, contributing to a better estimation of sleep and circadian rhythms. In addition, they allow for long-term sleep monitoring over several weeks or months [8] . Validation studies of actigraphic monitoring over 3 weeks in clinical and nonclinical populations concluded that actigraphy is a useful and valid means for estimating total sleep time and wakefulness after sleep onset with an overall participant-specific accuracy above 80% [9] . There are evidence-based recommendations for the use of actigraphy in the clinical setting to estimate total sleep time, to characterize circadian rhythms and sleep patterns, and to assess response to therapy [10] . Although the severity of spinal lesion can affect the general mobility of SCI patients, normal arm movements in patients with injury below the C5-C7 level support the use of wrist actigraphy for sleep-wakefulness assessment in this population [2] .
Among SCI individuals, the main factors reported to interfere with sleep quality include spasms, pain, paraesthesia, bowel, and bladder routines, limited ability to position themselves comfortably for sleep, either due to paralysis or pressure ulcer prevention and daytime sleepiness due to pain or antispasticity medication [1, 11] . In addition, sleep disturbances might be exacerbated by the hospital environment [2] , interfering with patients' ability to participate in rehabilitation and daily life activities [11, 12] . Thus, the current study evaluated sleep quality based on self-reports and actigraphy in hospitalized individuals with paraplegia secondary to SCI as compared to healthy controls. We hypothesized that patients would present difficulties falling asleep and/or staying asleep, would more often wake up during the night, have shorter sleep duration, and report more daytime sleepiness as compared to ablebodied. Wheelchair users with a SCI, who underwent a locomotor training program, perceived improvements in their sleep quality [13] , whereas regular physical activity contributed to a better pain control, improvements in their overall health status and life satisfaction in this population [14] [15] [16] [17] . Actigraphy is considered a suitable method of measuring physical activity in people with SCI and has concurrent validity with a self-report measure of activity intensity and frequency in wheelchair users [18] . Therefore, we also explored the relationship between sleep quality, physical activity and neuropathic pain (NP). We hypothesized that persons with more intense physical activity would show less severe NP and better sleep quality.
Methods

Participants
Patients with SCI were included if they were 18-65 years of age; had paraplegia secondary to SCI below the Th2 level and were followed an intensive rehabilitation program. The program included exercises for the whole body: locomotor training, exercises to improve trunk control, moving in bed and transfering into and out of a wheelchair, lower limb musculature strengthening, assisted cycling on a stationary bike, and upper body strength and fitness program, at least 5 h daily during weekdays. Individuals were excluded if they presented cervical SCI, limitation in upper limb movements due to associated musculoskeletal pain/injury, associated brain injury or severe systemic disorders (e.g., cardiovascular disease, cancer, any infection) that could limit their participation in physical exercises. The severity and the level of SCI were assessed according to the American Spinal Cord Injury Association Impairment Scale (AIS) and the International Standards for Neurological Classification of Spinal Cord Injury [19] . Fourteen patients (12 males and 2 females, mean age 43.10 ± 10.59 years) were included in the study.
Ten age-matched volunteers (7 males and 3 females, mean age 46.21 ± 12.58 years) without neurological conditions were enrolled as controls. Individuals reporting sleep problems or those taking medication or recreational drugs on a regular basis were not included in the study.
Study design and protocol
Participants were asked to wear a wrist Actigraph (ActTrust®, Condor Instruments Ltda, SP, Brazil) on the nondominant arm as a regular watch continuously for 7 consecutive days (except during bathing). After returning the actigraph participants were asked to fill out a series of questionnaires to characterize their sleep quality, chronotype, daytime sleepiness, and the type and severity of neuropathic pain.
Actigraph
The wrist Actigraph (ActTrust®, Condor Instruments Ltda, SP, Brazil) registers motion by means of 3-axis accelerometry. In addition, it integrates environmental light and skin temperature sensors that increase the accuracy of estimation of the sleep-wake cycle. The devices were configured to register the motion activity, to process it with a Proportional Integral Mode (PIM) algorithm (1-minute epoch) and to calculate variables that measure the circadian rhythm and sleep-wake cycle regularity. The PIM integrates the acceleration signal to provide a measurement of the area under the curve and it is considered to provide the best possible estimation of sleep and wake states for actimetry devices. This device has been validated in previous studies [20, 21] on a group of patients who underwent a polysomnography study for one night for suspected sleep disorders. In the preliminary study with 43 patients, the device showed 83% sensitivity, 69% specificity and 89% accuracy of identification of sleep in agreement with polysomnography data.
Sleep-wake cycle and physical activity analysis
Information from the Actigraph was downloaded to a computer using an Actigraph reader (Condor Instruments, SãoPaulo, Brazil). The data were analyzed using the software ActStudio (Condor Instruments Ltda., SP, Brazil) which allows for extracting, visualizing and exporting of collected data, based on the Cole-Kripke algorithm.
The following sleep parameters were measured: bedtime (time when the person was trying to sleep, related to absence of light sources and reduced movements), latency to sleep onset (the period from the bed time until the beginning of sustained movements of subthreshold amplitude at night), wake up time (sustained movements of suprathreshold amplitude in the morning), time in bed (time between bedtime and final wake up), sleep time (time between sleep onset and final wake up excluding periods of nighttime awakening), wake after sleep onset (WASO, represents the duration of nighttime awakenings), and sleep efficacy (the total sleep time divided by the time in bed, expressed as a percentage). Multiple components were measure to characterize the rest-activity circadian rhythm. Intradaily variability (IV and IV60), was monitored to quantify the rhythm fragmentation to the 24-h light-dark cycle and 60 min periods respectively (higher fragmentations suggests poor sleep, daytime naps or nocturnal activity) and Interdaily stability (IS and IS60), was monitored to quantify the synchronization to the 24-h light-dark cycle and 60 min periods respectively (higher values indicate better sleep quality, less fragmentation or nocturnal activity) [22] . Activity was measured by 3 variables: M10 (the most active 10 h period), L5 (the average amplitudes of the least active 5 h period) and the Ra (relative amplitude calculated as (M10 − L5)/(M10 + L5), with higher values indicating a greater daytime activity and reduced activity during sleep).
Self-report sleep evaluation
The Pittsburgh Sleep Quality Index [23] , the Epworth sleepiness scale [24] , and the Morningness Eveningness Questionnaire [25] were employed to evaluate different aspects of sleep quality, daytime sleepiness and chronotype. (A more detailed description of the questionnaires can be found in the supplementary information).
Neuropathic pain
NP was evaluated according to the recommendations for the diagnosis and the grading system of the NP for clinical and research purposes [26] . The NP was classified as at-level or below-level according to the International Spinal Cord Injury Pain criteria [27] . The type and severity of the NP was evaluated using the Neuropathic Pain Symptoms Inventory [28] whereas the variability in pain intensity and the interference with different daily life activities were evaluated employing the Brief Pain Inventory [29] . (A more detailed description of the questionnaires can be found in the supplementary information).
Medication
The use of sleep medication, analgesics, antiepileptics, and antidepressants was recorded (BDZ: benzodiazepine; GPT: Gabapentin; PGB; Pregabalin; TCA; tricyclic antidepressants; SSRI: Selective serotonin reuptake inhibitors; NSAID: Nonsteroidal anti-inflammatory; TRA: Tramadol).
Statistical analysis
Statistical analysis was performed with a commercial software package (IBM SPSS, version 23, SPSS Inc., Chicago, IL, USA). The Shapiro-Wilk's test was used to examine normality of the data. The independent-samples t-test was used to evaluate between-groups differences in demographic and sleep variables. The PSQI sub-scores violated the assumption of normal distribution; therefore, the Mann-Whitney U-test was employed when comparing variables between groups. A Bonferroni correction was used for multiple comparisons. Linear regression analyses were conducted to evaluate whether the intensity of specific type of neuropathic pain and physical activity indices predicted sleep parameters. Data are presented as mean and standard deviation (SD). A two-tailed test with an alpha level of .05 was used for all analyses.
Results
Participants' characteristics
Demographic and clinical characteristics of the SCI participants are presented in the Table 1 . Participants included 4 individuals with complete and 10 persons with incomplete SCIs below the Th3 spinal segment, and were enrolled in the study an average of 3.04 ± 0.18 months after SCI. Twelve patients reported at level and/or below level neuropathic pain and 2 patients reported dysesthesia/paresthesia below the level of spinal lesion. Eleven patients were taking benzodiazepines for sleep alterations.
Questionnaire-based sleep-wake cycle
Questionnaires-based sleep parameters are presented in the Table 2 .
SCI individuals reported going to bed earlier than controls (p = 0.018) and waking up later (p = 0.025) and therefore spent more time in bed (p = 0.025). However, their perception of sleep duration was similar to the healthy group (p = 0.73). As indicated by PSQI total score the SCI group had poorer self-reported sleep quality compared to healthy individuals (p = 0.007). This was determined by longer latency to sleep onset (p = 0.019), reduced sleep efficacy (p = 0.016) and the use of sleep medication (p = 0.007).
Actigraphy-based sleep-wake cycle
Actigraphy-based sleep parameters (see Table 3 ) indicated that both healthy and SCI individuals went to bed at a similar time (p = 0.17). However, SCI patients woke up later compared to healthy controls (p = 0.006) and therefore spent more time in bed (p = 0.001). Although patients slept longer (p = 0.02) their sleep efficacy was similar to the control group (p = 0.40). Furthermore, there were no differences in the number of awakenings (p = 0.93).
Comparison between questionnaire and actigraphy-based sleep measures indicated significant differences between wake up time (p = 0.002) and sleep duration (p = 0.001). Furthermore, we found no significant correlations between In the control group actigraphy-based measurements indicated that later bedtime predicted higher sleep efficacy (F(1, 8) = 5.97, p = 0.04, R2 = 0.42) whereas in the SCI group later bedtime predicted less awakening episodes (F(1, 12) = 6.29, p = 0.028, R2 = 0.34).
Examples of actigraphic monitoring in a healthy individual ( Fig.1 ) and a SCI patient (Fig. 2) .
Actigraph-based circadian rest-activity rhythm
Compared to healthy controls SCI individuals had less fragmented (IV60) (p = 0.033) and more synchronized circadian rhythm (IS, IS60) (p = 0.009 and p = 0.006 respectively) (see Table 3 ). Regression analysis revealed that in the SCI group, more fragmented circadian rhythm (higher IV60) predicted higher PSQI score (F(1, 12) = 4.85, p = 0.048, R2 = 0.28). In addition, more synchronized sleep (higher IS) predicted morningness chronotype F(1, 12) = 9.70, p = 0.009, R2 = 0.45).
Chronotype and daytime sleepiness
Based on MEQ score, most participants were intermediate type (9 out of 14 SCI individuals and 6 out of 10 healthy individuals). Excessive daytime sleepiness (ESS score ≥10) was found in 4 SCI individuals and 2 healthy individuals. However, there were no statistically significant differences between groups in chronotype (p = 0.49) or daytime sleepiness (p = 0.36).
Physical activity and sleep quality
All patients were involved in an intensive rehabilitation program which included at least 5 h/day of physical activity. Although the amplitude of the most active and least active periods, as measured by actigraphy (M10, L5), were lower in individuals with SCI compared to healthy controls, these differences were not statistically significant.
We found no significant correlations between ASIA motor score and activity measures (M10, L5, and RA) in the SCI group. Regression analysis revealed that more intense physical activity (higher M10 and L5) predicted shorter sleep latency sub score [ 
Discussion
The current study characterized self-reports and actigraphy-based sleep alterations in individuals with SCI and explored whether physical activity and neuropathic pain interfere in sleep quality. The actigraphy-based sleep estimations indicate that patients spent more time in bed and slept longer compared to healthy controls whereas sleep efficacy was similar between groups. These measures were inconsistent with self-reported sleep parameters. In addition, we found that lower physical activity and more intense continuous neuropathic pain were related with poor sleep quality. 
Sleep alterations in SCI
As indicated by the PSQI global score, SCI patients reported poorer sleep compared to the healthy controls. This was characterized by longer time in bed, longer sleep latency, and lower sleep efficacy, which is in line with previous research [1, 2, 11, 16] . Further, the actigraphybased sleep measurements in our study revealed that patients spent more time in bed and slept longer whereas their sleep latency and sleep efficacy were similar to the healthy controls. Compared to polysomnography, actigraphy tends to underestimate sleep-onset latency while sleep diaries overestimated it [30] . Similar discordance between self-reports and actigraphy-based measures of sleep were previously described in individuals with SCI who referred worsening of sleep quality although their score on mini sleep questionnaire and actigraphy-based measures of sleep (except for the number of awakenings) were comparable to the healthy subjects [2] . Whereas selfreported and actigraphy-based estimation of time in bed were similar in our study, the actigraphy-based estimated sleep duration was significantly greater compared to selfreported sleep duration. When using actigraphy, identification of specific sleep periods is based on identification of arm movements of subthreshold/suprathreshold amplitude. Thus, sleep duration might be misestimated because some insomniac patients, for example, often complain of staying awake but remain immobile in bed [31] . In addition, our results revealed a non-significant decrease of the mean amplitude of movements during the most active and less active periods (M10 and L5) in the SCI group, which might have contributed to the overestimation of the time in bed and sleep duration [32] . However, time estimation is a complex cognitive task, which is especially challenging when the period includes sleep [33] . This complexity can lead to erroneous estimation of sleep latency, duration and the number of awakenings in comparison to laboratory sleep measures [34] . Subjective underestimation of sleep duration could also explain the lower sleep efficacy subscore on the PSQI in SCI patients since the latter is calculated as "percentage of total sleep time out of the total time spent in bed" whereas other indicators of good sleep such as sleep quality, sleep disturbance and daytime dysfunction sub scores were not different compared to healthy controls. Excessive daytime sleepiness is an indicator of insufficient sleep or poor sleep efficiency [35] . In addition, most patients in our study were taking antispastic, antiepileptic, opioids or benzodiazepines, which are common causes of daytime sleepiness and can alter person's participation in daily life and rehabilitation activities. However, we found no significant differences in the Epworth score and chronotype between groups. Furthermore, compared to healthy controls, the SCI individuals had less fragmented and more synchronized circadian rhythm, which are indicative of better sleep quality [22] . However, we must consider that adherence to the hospital schedule during an intensive rehabilitation program might play a significant role in circadian rhythm synchronization, which has been shown to affect motor performance in healthy individuals [36] .
Physical activity, pain, and sleep quality
A recent meta-analysis revealed that physical activity improves PSQI score and the Insomnia Severity Index [37] . Actigraphs can also be used to evaluate physical activity.
Research evidence suggests a strong relationship between wrist acceleration and physical activity and energy expenditure in free-living adults [38] . Accelerometer device worn on the upper arm or on the wrist can also assist manual wheelchair users, including individuals with SCI, to estimate physical activity and energy expenditure [39, 40] . Based on wrist actigraphy measures, we found no significant differences in parameters of physical activity (M10 and L5) between SCI and healthy individuals, supporting the use of actigraphy in individuals with SCI below Th2. Participation in an exercise training program has showm positive effects on sleep quality, reduced sleep latency and medication use in adults with sleep problems [41] . The linear regression analyses in our study revealed that higher intensity of physical activity in SCI individuals predicted higher sleep effectiveness and less awakening episodes as well as shorter latency and lower sleep disturbance (PSQI) which suggest that participation in an intensive rehabilitation program could potentially improve sleep quality. In addition, higher intensity of continuous neuropathic pain in our population was associated with increased sleep fragmentation. In outpatients with SCI, continuous pain remains to be one of the main predictors for poor sleep quality [12, 16] . Short-term and long-term physical activities in wheelchair-dependent individuals with SCI decreased the intensity of neuropathic pain and improved negative mood [16, 17] . Therefore, regular exercises should be encouraged in SCI patients to improve sleep quality and pain control.
Limitations
Limitations of the current study should be addressed. Although the actigraphy allows estimation of wake-sleep cycle, this method does not evaluate sleep stages and therefore does not substitute PSG in patients with specific sleep alterations. Actigraphy-based data were partially inconsistent with self-reported sleep parameters, which could be related to the non-significant reduction of physical activity parameters (M10 and L5) in SCI individuals or erroneous subjective time estimation. Drug-related sleep changes should also be considered as most participants in the SCI group were taking benzodiazepines whereas none of the individuals in the control group was taking sleep medication. Another limitation is the estimation of physical activity based on actigraphy in absence of specific energy expenditure quantification. In addition, the small sample size and the prevalence of male individuals limit the generalizability of our findings.
Conclusions
Our main results revealed that according to actigraphybased sleep estimates patients spent more time in bed and slept longer but did not differ significantly in the estimated sleep efficacy and number of awakenings from the ablebodied controls. The strong relationship between the reduced physical activity and more intense continuous neuropathic pain and poor sleep quality supports the inclusion of SCI patients in regular physical activities that could potentially improve pain control and sleep quality.
Data archiving
Data available on request. Requests should be submitted to the Research Committee of Institute Guttmann.
Funding The authors received no specific funding for this work.
Author contributions SA and AFC were responsible for conceptual framing of the study. SA collected the data. SA and GU conducted data analyses and all authors discussed the results. SA and GU drafted the manuscript and all authors revised it critically for important intellectual content. All authors approved the final version.
Compliance with ethical standards
Conflict of interest The authors declare that they have no conflict of interest. Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.
Statement of ethics
